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ABSTRACT OF THESIS

TRANSMISSION-LEVEL IMPACT ANALYSIS OF UTILITY SCALE SOLAR
PHOTOVOLTAIC SYSTEMS AND BATTERY ENERGY STORGE GRID
SUPPORT

Solar photovoltaic energy generation is expected to grow dramatically in coming
years in order to take advantage of renewable and clean sources of electricity. This
thesis presents research on the impact of increasing solar PV penetration, specifically of large, utility-scale PV facilities, on transmission network performance. The
development of Python programming tools for automation of power flow analysis is
presented. A modified version of the IEEE 118-Bus test system is developed and modified to simulate increasing PV generation on the transmission system. The impacts
on performance are analyzed trends are reported. Battery energy storage systems
are studied in this thesis for their ability to regulate system voltages through reactive
power support. The modified IEEE test case is used as a basis to present a developed
method for optimization of the location of battery systems for voltage support.
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Chapter 1
Introduction and Problem
Formulation
1.1

Problem Formulation and Original Contributions

Solar electricity generation represents one of the most rapidly growing methods
for energy production. Research and interest in renewable forms of energy have
increased dramatically in recent years to both provide reliable, replenishing sources
of electricity, as well as to invest in more environmentally clean forms of generation.
This growth in interest, especially in photovoltaic (PV) generation, will result in
a growth of the PV industry through the addition of generation both through the
traditional supply by electric utilities who choose to invest in PV facilities, as well as
through the investment of customers into residential solar installations.
Both the investment in utility solar and residential solar will add to the amount of

1

available generation on the grid. This generation also represents a change to the more
standard form of synchronous machine generation, relying on power electronic technologies to synchronize generation to the grid. These changes will result in significant
alterations to the topology and performance of the grid, shifting the distribution of
generation from large, remote generation facilities to many smaller, more local sources
of energy.
As the amount of electricity sourced from distributed energy resources (DERs)
and inverter-based resources (IBRs) grows, as does the impact on the distribution
of generation and system behavior. These changes will have significant impact on
the performance of the electrical network. As much of the change takes the form
of residential solar installations, much of the research has focused on effects on the
grid at the distribution level. The distribution level effects will compound as more
residential PV is integrated. In addition to this, utility-scale PV plants are becoming
more common and are typically interconnected at the transmission level. Because of
this, research into the effects of high levels of PV penetration on the transmission
level are vital in understanding how PV generation effects the electric grid as a whole
and in mitigating potential issues associated with PV generation before possible grid
failures.
The research completed in this thesis aims to address these analyses, presenting a
study of transmission-level performance impacts due to increasing levels of distributed

2

PV penetration. The IEEE 118-Bus test system is modified to include a queue of
distributed PV facilities whose power injection is increased to simulate increasing
generation across the system. The effects on system performance, including voltages,
power flows, and generation distribution, are presented and explored.
Possible issues in system performance due to the integration of PV resources
include both system voltage variability due to reactive power insufficiency as well as
frequency stability issues due to PV intermittency. These issues must be managed in
order to ensure power quality and reliability. Battery energy storage systems (BESS)
are one proposed solution to these issues.
BESS facilities typically have been placed alongside PV systems for support; however, it is possible that other locations on the network may be better able to provide
support for grid voltages. This thesis proposes a method for optimization of combinations of location for battery energy storage systems to support grid voltages. The
optimization algorithm forms a realistic subsection of the design space and searches
for a locally optimal solution based on system voltage variations.
The original contributions presented and discussed in this thesis are the following:
 The development of a systematic, automated procedure for the integration of

PV and BESS installations into th electric power transmission network. The
procedures streamline the process of creating network models of PV integration, optimizing the integration of BESS, and simulating and gathering results

3

from PSS/E. Python software was developed alongside these procedures for
automation of generation deployment and model creation (Chapter 3)
 Grid Analysis of impact for different PV penetration levels. The analysis quan-

tified the important relationship between the distributed nature of additional
utility-scale generation and power flow in the system (Chapter 4).
 The development of an optimization method for BESS location and rating to

provide voltage support. The algorithm searches a realistic subsection of the
location space and provides a locally optimal solution for voltage support (Chapter 5).

1.2

Literature Review

Recent research into large-scale interconnection of PV systems focuses on integration at the sub-transmission and distribution levels. Hosting capacity studies
are particularly of interest with the increase in popularity of rooftop solar modules.
Many methods of evaluating the hosting capacity of distribution systems have been
examined, such as Monte Carlo simulation (MCS), probabilistic power flow (PPF),
and extensive search of the PV location-size space [4–6]. Other areas of research on
hosting capacity includes the study of various constraints on which to base hosting
capacity, such as thermal loading and overvoltage [7, 8]. as well as methods for the

4

optimization of PV system controls and location in order to increase the hosting
capacity or distribution efficiency [9, 10].
Transmission level research on large-scale PV integration includes analysis of the
fault characteristics of solar PV and other inverter based resources on transmission
system [11] and the improvement of utility-scale solar power quality using proposed
power converter topologies and controls [12]. As distribution tends to be of greater
focus, additional research on the transmission network includes co-modeling of transmission and distribution systems, analyzing the effect on both caused by integration
of residential distributed PV generation [13–15].
Battery energy storage systems have been studied alongside PV systems for their
ability to mitigate challenges associated with solar energy and support grid operation. Researchers have studied the use of battery systems to regulate grid voltage
using various control strategies [16, 17] and to flatten the output power profile of PV
facilities due to shading and time-of-day variations [18–21].
Research on battery systems also looks to optimize battery parameters and performance for specific networks and use cases. Battery capacity optimization for microgrids, distribution systems, and individual residential systems have been proposed
[22–25]. Methods for optimization of battery power flow controls have also been investigated [26–28]. Additional literature review and citations are provided throughout
the chapters of the thesis.

5

1.3

Thesis Outline

Chapter 1 introduces the research presented in this thesis and includes a review
of recent literature to provide a background for the present study. Chapter 2 presents
the modeling of power system components used in transmission analysis, covering the
theory and mathematical models used to describe power transmission components,
various forms of electrical generation, and energy storage. Chapter 3 examines the
mathematical methods used for steady-state analysis of power systems. The theory
and mathematical representations are then related to the operation of power system
simulation software. The development of Python code for automation of transmission
system studies is presented. Chapter 4 analyzes the steady-state impact of distributed
large-scale PV generation on transmission systems. The IEEE 118 Bus test case was
modified to include a queue of multi-megawatt PV facilities; the effects on system
bus voltages, power flows, and distribution of generation are explored. Chapter 5
illustrates transmission performance improvements on the developed models which
incorporate large-scale PV generation by employing battery energy storage. A method
for optimizing the location of batteries for grid voltage support is presented and
trends in performance as a function of battery integration are discussed. Chapter 6
concludes with a summary and discussion of the original contributions presented and
future work that can be conducted.

6

Chapter 2
Power System Components
This chapter presents the development of theoretical concepts and mathematical representations used in power system modeling. The various models of power
transmission components and forms of generation and energy storage are examined.

2.1
2.1.1

Power Transmission
Transmission Lines

One approach to the analysis of analog circuits involves the modeling of electrical
connections using ideal conductors or lumped resistance models to reduce the complexity of analysis. With short lengths of conductor, the resistive, capacitive and
inductive effects are insignificant compared to those of the circuit components, and
can be ignored for simplicity without impact to accuracy. Analysis of transmission
lines requires the inclusion of such effects to accurately describe their behavior.
Transmission lines form a two-port network whose behavior can be expressed
7

using a matrix equation relating the voltage and current at the receiving end of
the line to those at the sending end of the network [29]. At the receiving end of
the transmission line, the output voltage and current are represented as a vector
of the two components Vr and Ir . Likewise, the unknown sending end voltage and
current can be represented as a vector of the two components Vs and Is . A twoby-two transformation matrix can thus be defined to relate these two vectors. The
four parameters of the transformation matrix, labeled A, B, C, and D, define the
behavior of the network and the relationship between the sending end and receiving
end parameters. Using this matrix, the relationship is represented as
" #
Vs
Is

"
=

A B
C D

#" #
Vr

.

(2.1)

Ir

The ABCD parameters can be calculated for various models of the transmission line
by deriving a set of equations to match the form of the matrix equation, allowing for
simplified calculations of voltages and currents according to the selected model.
The material composition and spacial position of transmission lines give rise to
several distributed properties of the line visualized in Fig.2.1. The resistance of a material with uniform resistivity (ρ) and cross-sectional area (A) is calculated

ρl
,
A

where

l represents the length of the material. The distributed parameter of the transmission line related to its resistance is defined as the resistance of the line divided by
the length and is denoted r. The parameter is represented as a series resistance distributed along the transmission line. The position of the transmission line relative
8

is

r dl

x dl

x dl

r dl

r dl

+
Vs

x dl

ir
+

g dl

b dl g dl

b dl g dl

b dl

Vr
−

−

Figure 2.1: The two-port network model for a transmission line with distributed
parameters. The distributed resistance (r), reactance (x), conductance (g), and susceptance (b) each represent the associated total value divided along the entire of the
line. Values for small lengths of line are represented by multiplying by the differential
length dl
to other lines and earth results in inductances and capacitances that must be accounted for. These parameters — defined as x and b respectively — represent the
series reactance and shunt susceptance per unit length of transmission line. Finally,
leakage current through air or insulating material is represented by the parameter g
as shunt admittance, whose effect is typically marginal compared to the transmission
line current and is often ignored in certain models.
Three principal models of transmission lines are used for the calculation of the
ABCD parameters and are selected based on the length of the transmission line. The
long line model is the most detailed, taking into account the distributed nature of the
each of the transmission line parameters. The medium and short line models simplify
the representation by reducing the distributed parameters into lumped parameters
and excluding parameters that may be considered negligible.
The short line model illustrated in Fig.2.2 ignores the negligible effects of current

9

is

X

R

ir

+

+

Vs

Vr

−

−

Figure 2.2: The short-line model for a transmission line. This model includes only
the effects of the resistance and inductance of the transmission line using the lumped
parameters, R and X.
leakage and shunt capacitances on the transmission line. The distributed resistance
and inductance are lumped into a single impedance representing the total series resistance and inductance of the entire line. These lumped values are calculated by
multiplying the transmission line parameters r and x by the total length of the line.
Using Kirchoff’s voltage and current laws, the system of equations,
Vs = Vr + (R + jX)Ir

,

(2.2)

Is = Ir
can be formulated, matching the form of (2.1). By putting these equations in matrix
form, the ABCD parameters associated with this model can be calculated. The series
resistance and reactance, R and X can be combined as Z = R + jX for simplicity,
where Z represents the total series impedance. Thus, the ABCD parameters for this
model are
"

1 Z

#
.

(2.3)

0 1
The medium line model depicted in Fig.2.3 builds upon the short line model by
accounting for shunt capacitances on the transmission line that arise from the spacing

10

X

R

is

ir

+
Vs

+
B
2

B
2

−
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−

Figure 2.3: The medium-line π model for a transmission line. This model incorporates
the effects of the shunt capacitances of the transmission line by distributing the
lumped parameter B evenly at the two ends to the line.
between the lines and between the earth. As before, the series resistances and reactances are lumped into a single component representing the total series impedance of
the line. The shunt capacitances are also lumped into discrete components; however,
the total shunt capacitance of the line, calculated in the same manner as the lumped
series impedance, is divided evenly between the two ends of the line. The system of
equations defining this model can be derived to be
+ 1]Vr + (R + jX)ir
Vs = [ (jB)(R+jX)
2
Is = (jB)( (jB)(R+jX)
+ 1)Vr + [ (jB)(R+jX)
+ 1]ir
4
2

.

(2.4)

The series resistance and reactance, R and X can again be combined as Z = R + jX
for simplicity where Z represents the total series impedance. Similarly, the total
shunt admittance can be represented as Y = jB. Thus, the ABCD parameters for
this model are
"
Y

YZ
+1
2
( Y4Z + 1)
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Z
YZ
2

+1

#
.

(2.5)

Z′

is

ir

+
Vs

+
Y′
2

Y′
2

−

Vr
−

Figure 2.4: The long-line equivalent-π model for a transmission line. The equivalent
primed components are calculated from the detailed solution of the differential equation such that the π circuit calculates the same result as the differential equation.
The long line model accounts for the distributed nature of the transmission line
parameters and defines equivalent lumped components, Z ′ and Y ′ , that take these
effects into account and can be used in the equivalent-π model. Using a single segment of the distributed transmission line model in Fig.2.1, the system of differential
equations,
dV (l)
= (r + x)I(l)
dl
,
dI(l)
= (y + b)V (l)
dl

(2.6)

can be derived and combined into the single, second-order differential equation,
d2 V (l)
− (r + jx)(y + jb)V (l) = 0.
dl2

(2.7)

The solution of this equation takes the form
V (l) = Aeγl + Be−γl ,

(2.8)

p
(r + jx)(y + jb).

(2.9)

where γ is defined as
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The current can be calculated from (2.8), V (0) and I(0) are defined as Vr and Ir
respectively, and the equations for V (l) and I(l) can be rearranged to match the form
of (2.1), resulting in
Vs = cosh(γl)Vr + Zc sinh(γl)Ir
Is =

1
sinh(γl)Vr
Zc

,

(2.10)

+ cosh(γl)Ir

where Zc is defined as
s

r + jx
.
y + jb

(2.11)

Thus, the ABCD parameters for this model are
"

cosh(γl) Zc sinh(γl)
sinh(γl)
Zc

#
.

(2.12)

cosh(γl)

The ABCD parameters for the long line model and the medium line model can be
equated in order to calculate equivalent values of series impedance and shunt conductance which can be used to exactly model the long line using the same π model and
is shown in Fig.2.4. Equating the two matrices results in a system of four equations
which results in the equivalent parameters being calculated as
Z ′ = Zc sinh(γl)
.
Y ′ = 2tanh(0.5γl)
Zc

2.1.2

(2.13)

Transformers

Transformers increase the voltage of transmission lines, reducing current flow and,
in turn, resistive losses in the line. The transformer uses electromagnetic induction
to scale the voltage level of AC power. An input current flows through a coil of wire,
13

generates a magnetic field through the coil. The magnetic field is guided by a magnetic
core through a second coil of wire, which induces a voltage proportional to the ratio
of the number of turns in the first coil to the number of turns in the second. The
equivalent-t model of the transformer depicted in Fig.2.5 forms three branches, each
representing one of the three components of the transformer: the primary winding,
the magnetic core, and the secondary winding. R1 and Xl1 represent the resistance
of the primary winding and the reactance of the primary winding associated with the
magnetic flux which does not link the second coil, also known as the leakage reactance.
Rc and Xm represent impedances within the magnetic core, with Rc denoting the
resistance of the magnetic core and Xm denoting the reactance in the core linking
both the primary and secondary coils. R2′ and X2′ represent the resistance and leakage
reactance of the secondary wire with reference to the primary side of the transformer.
This means that the primed impedance values represent impedances on the primary
side that would result in the same current on the primary side as the measured
impedances on the secondary side.

2.2
2.2.1

Power Generation
Electromechanical Generation

The traditional method of electricity generation uses external sources of motion
(typically the movement of steam) to drive a turbine which is fed to a synchronous AC
14

i1

R1

Xl2′

Xl1

+
V1

R2′

i′2
+

Rc

Xm

−

V2′
−

Figure 2.5: Equivalent-t model for a transformer. The series branches represent
the impedances associated with the primary and secondary windings. The shunt
components represent the losses due to the magnetic core
generator. For the AC generator to produce electricity, there must be a mechanical
input in the form of rotational motion of the shaft and a magnetic field generated by a
winding fed by a DC generator connected to the shaft. These two parameters can be
manipulated to control the output of the generator. These two values are controlled
by the governor and exciter respectively. The control of the synchronous machine
using these two components ensures the generator is able to maintain a voltage and
power output set point.
The frequency of the power system is an indication of the mismatch between
supply and demand of electricity. In the case where there is a surplus of energy generation, the excess power is converted to kinetic energy in the synchronous machine,
resulting in an increase in the speed of the generator and, in turn, an increase in the
frequency from its nominal value. The opposite is true in the case of a shortage of
generation. The governor system monitors the frequency of the grid in order to detect
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power mismatch and adjusts turbine intake to regulate the input mechanical power.
The output voltage of the synchronous generator is controlled by the excitation
system. The exciter consists of a DC generator attached to the shaft of the synchronous machine, which provides the excitation field for the machine. This system
monitors the output voltage of the generator, varying the supplied field in order to
maintain constant output voltage.

2.2.2

PV Generation

Solar PV cells are made through the connection of a P-type and N-type doped
semiconductor material forming a PN junction. The junction is able to convert incident photons into moving charge carriers through the photoelectric effect. At the
junction, the free electrons and holes combine, forming an electric field from the Ntype to the P-type semiconductor. The combining of electron-hole pairs continues
until the electric field is too strong for the electrons to cross into the P-type semiconductor. This forms a depletion region at the boundary where no free electrons or
holes can be found. When light reaches the depletion region, electrons may be excited
and reform the original electron-hole pairs. The electric field of the depletion region
causes electrons to move back to the N-type semiconductor and holes to move to the
P-type semiconductor. This generates a potential difference between the P and N
type semiconductors, which can be connected to drive a current [30].
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Due to its formation from a PN junction and its primary current generated by light
energy, the two principle components of the PV cell current-voltage (IV) characteristic
curve are the irradiance current and the current associated with the PN junction,
which is governed by the Schockley equation. The ideal solar cell can thus be modeled
as a current source representing the irradiance current in an anti-parallel configuration
with a diode. The equation
qV

I = Iirr − Is [e kT − 1]

(2.14)

represents the IV characteristic equation of the ideal solar cell with I representing the
output current, Iirr the irradiance current, Is the saturation current, q the electron
charge, k the Boltzmann constant, T the temperature, and V the output voltage. A
more accurate model in Fig.2.6 is governed by
I = Iirr − Is [e

q(V +IRs )
nkT

− 1] −

V + IRs
Rsh

(2.15)

and takes into account the internal resistances of the cell [1].
Rs

IP V
+

Iirr

Rshunt

VP V
−

Figure 2.6: The equivalent model of a PV cell based on the IV characteristic equation
incorporating internal resistances to model losses within the panel.

The I-V characteristic of the PV cell is primarily dependent on the irradiance
reaching the cell and the operating temperature. The amount of light reaching the
17

(a)

(b)

Figure 2.7: IV characteristic curves of a PV cell and the dependencies on (a) the
cell operating temperature (b) the irradiance reaching the cell. The maximum power
points occur at the knees of each of these curves [1].
PN junction determines Iirr in the IV characteristic. Increasing the irradiance on the
solar cell results in a higher current at a specified voltage. The operating temperature
has a significant impact on the PN junction voltage in the solar IV characteristic.
Increases in temperature results in a lower voltage at a specified current. From this,
it can be said that both increases in irradiance and decreases in temperature result
in an increase in the power output of the solar cell.
In order to increase the capacity of the a photovoltaic system, individual cells are
placed in series to increase the voltage output and in parallel to increase the current
output. The combination of cells forms a single solar panel and multiple panels can
be connected in the same way to form a higher power PV array.
As PV cells produce DC current, the PV array must connected to the grid using
an inverter to convert the DC current into an AC current at the grid frequency. The
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inverter uses pulse-width modulation to control switches, which produce a three-phase
set of voltages with a fundamental frequency equal to the grid frequency. Filters are
used at the output of the inverter to remove the high frequency components of the
output waveform introduced by the switching. This results in a nearly sinusoidal
output waveform generated from the DC input. The inverter also is able to perform
the secondary function of maximum power point tracking. This process ensures that
the PV system is operating at the point on the IV curve that produces the most
output power. Altering the operating point is achieved by altering the impedance of
the system at the terminals of the PV system. This is done by altering the switching
of the inverter to effectively alter the impedance seen at the terminals of the PV
system.

2.2.3

Battery Energy Storage

The growth in demand for clean sources of energy has led to an increase in the
penetration of renewable energy to the transmission system. The most common forms
of renewable energy generation, wind and solar, suffer from the issue of intermittency.
Battery energy storage systems are one proposed method of mitigating generation
intermittency characteristic of solar PV installations. In times of high renewable
generation, batteries are able to store excess energy, which can then be discharged
during periods of intermittency, flattening out the generation profile of the combined
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system.
Batteries store the chemical energy of the bonds between atoms of a substance.
Electrochemical cells take advantage of oxidation-reduction reactions, which require
the exchange of electrons between substances. By providing a salt path to allow the
two substances to react with each other and a conducting path to allow the electrons
to be exchanged, the reaction will proceed, and a current through the conductor will
be generated.
The voltage output of the battery can be modeled as near constant during normal
operation and is a function of the state of charge (SoC) of the battery. The state
of charge is the ratio of the charge stored in the battery to the maximum possible
charge. For the majority of values of SoC, the voltage output remains near constant;
however, near full charge, the voltage is slightly higher than the constant voltage and
near zero charge results in a steep voltage drop-off to zero.
Similarly to PV cells, individual batteries can be placed in series to increase the
voltage output and in parallel to increase the current output. Battery modules typically are made of a number of cells placed in series and parallel to increase the power
output of the module.
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Chapter 3
Steady-State Analysis and
Software
3.1

Power Flow Formulation

The growth in the integration of renewable energy sources into the electrical grid
has led to rapid change in the configuration and performance of the power network.
Deployment of distributed energy resources, such as rooftop solar PV installations,
has altered the framework for electricity generation by shifting from the model of
large, remote generating facilities to many smaller points of generation. The increase
in the use of inverter and power electronics-based energy resources leads to a decrease
in system inertia, requiring novel methods of mitigation to ensure generation is able
to meet demand [31–33]. As these changes are made, analysis of their effect on the
system is necessary to ensure power quality and reliability.
Transmission power flow modeling analyzes the steady-state behavior of the transmission network. The network is represented as a graph whose vertices represent
21

voltage buses and whose edges represent power transmission components; typically
transmission lines and transformers. Transmission voltage buses are the sites containing the power generation components and load components and typically represent
an aggregate generation and load on at substation.
For the purposes of power flow analysis, transmission system buses are divided
into three categories based on the specified and variable quantities at that bus. The
four quantities that are used to completely describe the power flow in a network
are the voltage magnitude, voltage angle, the real power injection, and the reactive
power injection at each bus. Each type of bus has two of these quantities specified
and two quantities left variable to be calculated by the solver. Generation buses are
directly connected to a source of electrical power and may or may not have a load
connection. These buses have known voltage magnitude and real power output and
unknown voltage angle and reactive power output. Load buses contain only electrical
load and have known real and reactive power output and unknown voltage magnitude
and angle. One bus within a transmission area is designated the slack bus, typically
a generation bus with a large real power capacity in order to account for generation
mismatches. This bus has known voltage magnitude and angle and unknown real and
reactive power output.
In order to derive a relationship between the bus voltages and the injected complex
power, the relationship between bus voltage and injection current is first defined. The
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Bus type
Slack Bus
Generator Bus
Load Bus

Known Quantities
V and δ
V and P
P and Q

Unknown Quantities
P and Q
δ and Q
V and δ

Table 3.1: The three types of transmission system buses and their associated specified
and variable quantities.
bus admittance matrix provides this relationship between the total current injected to
network buses and the bus voltages. This matrix is derived using Kirchoff’s current
law at each of the system buses. This results in a system of equations, which is
expressed in matrix form as
I = YV,
where the admittance is determined as

Y11 + Y12 + ...Y1n
−Y12


−Y21
Y21 + Y22 + ...Y2n


..
..

.
.

−Yn1
−Yn2

(3.1)

...

−Y1n



...
...

−Y2n
..
.




.



(3.2)

. . . Yn1 + Yn2 + ...Ynn

Elements of the matrix are calculated using physical network admittance values; however, individual elements within the matrix do not represent quantities with physical
significance. Diagonal elements, Y( kk), of the matrix are calculated as the summation
of every admittance connected to bus k. Off diagonal elements Y( kn), are taken to
be the negative of the total admittance between buses k and n.
Using this, the complex power injected into system buses can be calculated as

S = VI∗.
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(3.3)

and when divided into two equations representing the real and imaginary components
of S, results in the power flow equations,
Pk = Vk

PN

Qk = Vk

PN

n=1

Vn [Gkn cos(δk − δn ) + Bkn sin(δk − δn )]

n=1 Vn [Gkn sin(δk − δn ) − Bkn cos(δk − δn )]

(3.4)

, which relate the real and reactive power injection at each bus to the voltage magnitudes and angles. As a set of nonlinear equations, iterative methods must be used
to solve the power flow problem.

3.2

The Gauss-Seidel Method

The Gauss-Seidel method is an iterative technique used to solve linear systems of
equations of the form

y = Ax.

(3.5)

k−1
N
X
X
1
xk (i + 1) =
[yk −
Akn xn (i + 1) −
Akn xn (i)]
Akk
n=1
n=k+1

(3.6)

whose solution is given by

As the power flow equations are nonlinear in nature, a solution cannot be found
using linear methods without accounting for the nonlinearity. Using the bus admittance matrix, the power flow of a transmission system can be represented as system
of linear equations relating the current injected by system buses to the bus voltages.
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To account for nonlinearity, The injection current for a given bus is calculated for
each iteration as
Pk − jQk
I˜k =
V˜∗

(3.7)

k

. The calculated value for current is then used in in the linear equation and the
Gauss-Seidel method can be applied to solve. Applying the Gauss-Seidel method to
the linear power system equation results in
N
k−1
X
1 ˜ X
Ykn V˜n (i)]
V˜k (i + 1) =
Ykn V˜n (i + 1) −
[Ik −
Ykk
n=1
n=k+1

(3.8)

, an iterative equation, which solves for bus voltage phasors [29, 34].

3.3

The Newton-Raphson Method

The Newton-Raphson method is an iterative technique used to solve nonlinear
systems of equations of the form y = f (x). The matrix equation is approximated
using a first order Taylor series expansion about an initial estimate of the unknown
variables.

y = f (x0 ) +
The matrix of derivatives denoted

df
|x=x0 (x − x0 )
dx

df
|
,
dx x=x0

sented as J and is formed as follows:
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(3.9)

called the Jacobian matrix, is repre-



∂f1
 ∂x1
 ∂f2
 ∂x1

∂f1
∂x2
∂f2
∂x2

...

∂fn
∂x1

∂fn
∂x2

...

 .
 ..


..
.

...
..
.



∂f1
∂xn

∂f2 
∂xn 

.. 
. 


∂fn
∂xn

Rearranging the Taylor series approximation results in
x − x0 = J−1 (y − f (x0 ))
,
∆x = J−1 ∆y

(3.10)

which calculates the change in input variables which will shift the estimate of the
output values toward the true values of the function. When used with an initial
estimate of input and output values, this process can be iterated to solve the nonlinear
system of equations.
When applied to the power flow equations, the Newton-Raphson method is represented by the following equation.

∆

" #
δ

= J−1 ∆

V
The power mismatch, ∆

" #
P

" #
P

(3.11)

Q

represents the difference between the true values

Q
of real and reactive power injection and the values at the current iteration. When
multiplied by the inverse of the Jacobian, the mismatch matrix will estimate the
change necessary to move the estimated unknown variables toward the true solution.
The iterative process for the Newton-Raphson method consists of the following
main steps:
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1. An initial estimate of the unknown variables, δ and V , are made for each bus in
the network. These values are typically 1 pu for voltage magnitudes and 0◦ for
voltage angle unless estimates of the true values are available. Known values of
voltage and angle are set to the specified values.
2. The real and reactive power injected at each bus is calculated from voltages and
angles using equation 3.4.
3. The power mismatch at each bus is calculated. For the slack bus, the real and
reactive power mismatch is set to zero to support the desired voltage and angle.
For generator buses, the real power mismatch is calculated and the reactive
power mismatch is set to zero to support voltage magnitude. If the calculated
reactive power lies outside of its limits, the reactive power is set at its limit
and is then treated as a load bus. For load buses, the real and reactive power
mismatches are both calculated.
4. The Jacobian matrix is calculated by differentiating equation 3.4 and using the
current voltages and angles.
5. The necessary changes in the voltages and angles are calculated using equation
3.11. Slack bus voltage and angle are left at their specified values. Generator
bus voltage is left at it specified values. The calculated changes are applied
to generator bus angles and load bus voltages and angles, resulting in the new
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estimate for these unknown quantities.
6. The iterative process is repeated from step 2 until the total power mismatch
falls below a specified threshold.

3.4

®

Steady-State Analysis in PSS/E

PSS/E® is a widely used software tool for power-flow analysis of transmission
systems. The software is able to be operated using either a command line interface
or a graphical user interface for entry of transmission network information and power
flow solution analysis.

3.4.1

Power Flow Solution Methods

PSS/E® has the capability of solving the power flow of a transmission network using five different algorithms: Gauss-Seidel, Modified Gauss Seidel, Newton-Raphson,
decoupled Newton-Raphson, and fast-decoupled Newton-Raphson. The Gauss-Seidel
and Newton-Raphson methods are performed as outlined in the previous section [35].
Several modifications are made to the Newton-Raphson method in order to significantly reduce computational complexity and run time, resulting in the decoupled and
fast-decoupled Newton-Raphson methods.
The Jacobian matrix can be represented in a simplified form, demonstrating four
fundamental relationships between bus voltages and power injection: P −δ, P −V , Q−
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δ, and Q−V . Of these four relationships, the P −δ and Q−V form a relationship with
a very strong correlation, whereas the P − V and Q − δ relationships are significantly
weaker. The weaker relationships are able to be neglected in the Jacobian matrix,
resulting in a set of two decoupled equations which can be solved separately.

"

dP
dδ
dQ
=
dδ

0

∆P =
∆Q =

dP
=
dV
dQ
dV

dP
∆δ
dδ
dQ
∆V
dV

#
0

(3.12)

Another set of approximations creates a constant Jacobian matrix. This allows
the Jacobian matrix to be calculated only once to be used by every iteration. The
first approximation states that the expected difference between the angles of buses in
the system is very small. Using the small angle approximations for cosine and sine,
where cos(θ ≈ 0) = 1 and sin(θ ≈ 0) = 0 The second approximation states that
the susceptance components of the bus admittance matrix are much larger than the
admittance components when transmission lines have a large ratio of reactance to
resistance. The final approximation states that the reactive power injected to a given
bus is much less than Bkk Vk2 . The resulting Jacobian matrix from these modifications
is simply the negative susceptance components of the bus admittance matrix. The
injected real and reactive power quantities are divided by the voltage at that bus.
This results in a decoupled set of equations with constant Jacobian matrix as shown
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below [36, 37].


∆P1
V1







−B12 . . . −B1n
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∆Qn
−Bn1
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3.4.2

(3.13)

(3.14)

Power Transmission

Power transmission components in PSS/E take the form of either a transmission line or a transformer. Parameters representing the impedances in the models
described in chapter three are specified to model the behavior of these components
during power flow analysis.
Transmission lines are modeled using the long-line equivalent π-model in Fig.2.4
for power flow analysis [38]. In addition to the buses connected by the line, this
requires specification of the per-unit-length series resistance, series reactance, and
shunt susceptance of the line. The per-unit-length values are then used to calculate the ABCD parameters for the long-line model using Eqns. 2.12, 2.9, and 2.11.
Rearranging the matrix equation describing the ABCD transformation
" #
Vs
Is

"
=

A B
C D

#" #
Vr

(3.15)

Ir

allows the relationship to be represented as an admittance bus matrix, which can
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Figure 3.1: The transmission line data spreadsheet of the IEEE 118-Bus test case for
input and storage of transmission line information used in PSS/E.
then be factored into the network bus admittance matrix [35].
" #
Ir
Is

"
=

A
−B

C−

DA
B


1
− Zc tanh(γl)

Y=
1
− Zc sinh(γl)

1
B
D
B

#" #
Vr

(3.16)

Vs


1
Zc sinh(γl) 
1
Zc tanh(γl)

(3.17)

Transformers are modeled using the equivalent-t model in Fig. 2.5 for power flow
analysis [35]. In addition to the buses connected by the transformer, this requires
specification of the total series resistance and series reactance of the transformer,
which represents the total impedances of the primary and secondary windings. These
values are reported in per-unit values. The impedances supplied for this model can
then be placed in the bus admittance matrix for power flow analysis. The transformer
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Figure 3.2: The transformer data spreadsheet of the IEEE 118-Bus test case for input
and storage of transformer information used in PSS/E.
would be added between buses i and j by
1. Adding the series impedance (converted to admittance) to the self admittances,
Yii and Yjj .
2. Subtracting the series impedance (converted to admittance) from the mutual
admittances Yij and Yji .
The magnetizing susceptance and core conductance may also be specified as needed.
The transformer model could then be converted into an equivalent impedance, which
would then be added to the bus admittance matrix in the same way as described
above.
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Figure 3.3: The machine data spreadsheet of the IEEE 118-Bus test case for input
and storage of generator information used in PSS/E.

3.4.3

Power Generation

All forms of power generation are modeled the same way as machines in PSS/E
with minor changes to better represent the form of generation used. In addition
to the bus location of the machine, all forms of generation require the specification
of four parameters: the scheduled voltage at the bus, the real power output of the
generator, the source resistance, and the source reactance. The source resistance
and reactance are specified in per-unit and default to the values of 0 and 1 p.u.
respectively. The reactive power limits of the generator can be set to provide a
maximum and minimum limit of reactive power injection of the generator. The
above specifications are sufficient for the modeling of traditional forms of generation,
however, additional parameters or changes to the above parameters can be made to
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better represent PV arrays and battery systems as sources of energy. One additional
parameter of machines in PSS/E is the wind machine parameter, which allows for
the control of the reactive power output of a machine using a specified power factor.
PV arrays can be better approximated by specifying the machine as a type two wind
machine, which sets the reactive power limits based on a minimum power factor.
Type one wind machines require specification of the reactive power limits. Type
three wind machine set the reactive power output so that the specified power factor
is achieved. Battery energy storage systems are modeled as traditional machines with
a high source reactance [35].

3.5

Development of Automated Analysis in Python

This section describes new developments made for the research in this thesis. The
PSS/E Python toolkit was used to develop several scripts to facilitate the creation of
specified transmission network models in PSS/E® and also to facilitate the execution
of and data collection for case studies of PV integration to the transmission network.
One of the scripts which was developed to allocate and integrate PV generation
as specified into the PSS/E® model is shown in Fig. 3.4
The script begins by creating variable to track the remaining generation left to
allocate. Then, the list of PV installations is iterated through and the capacity of
each PV plant is compared to the amount of generation remaining to allocate. If
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Figure 3.4: Flowchart of the process used for allocating PV generation with a specified
total generation in order to simulate future addition of PV facilities over time.
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there is more generation to allocate than there is capacity at the current PV plant,
the PV plant is connected to the transmission network at its rated capacity and the
remaining generation is update by subtracting the rated capacity that was added.
The process is repeated until the remaining generation is less then the rated capacity
of a generator in the queue. In this case, the PV plant is added at a lowered capacity,
equal to the amount of remaining generation to allocate. The script then ends as all
of the specified generation has been added.
Another script was developed to alter the generation characteristics of already
integrated PV generation facilities. The flowchart describing this script is shown
in Fig.3.5 The script begins by calculating the total available capacity of all PV
generation by summing the individual ratings of PV facilities. Then, the requested
generation is checked to ensure it lies within the rated capability of all PV generation.
The ratio used to scale each PV facility generation is set by dividing the requested
generation by the total PV capacity. Each plant is then adjusted by multiplying
the calculated ratio by the individual plant capacity. The other forms of generation
are then redispatched to math the system load. Once all PV generation has been
adjusted, the power flow is solved and the total generation is measured to account
for transmission line losses. This total generation is then redispatched to other forms
of generation.
Another script was developed to allocate existing traditional forms of generation to
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Figure 3.5: Flowchart of the process used for allocating PV generation with a specified
total generation by scaling to simulate change in generation of a previously installed
fleet of PV generation over time.
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match a specified amount of system load while respecting the maximum and minimum
power limits of the generator. The flowchart describing operation of the script is
shown in Fig. 3.6.
The script begins by initializing a variable to track the remaining amount of
generation that has been allocated. The list of generators available for dispatch is
then iterated through and the total remaining generation to be allocated is compared
to the power limits of the current generator. If the remaining generation is larger than
the maximum power output of the generator, the generator is then set to supply power
at its maximum limit. The remaining generation to be allocated is then updated
by subtracting the added generation from the remaining generation to allocate. If
the remaining generation is less than the minimum power output of the generator,
then the output of the current generator is set to its minimum power limit. Since
more generation was added than was requested, generation must be removed from
previously allocated generators. The script then iterates through the list of generators
that have been allocated in reverse order. The amount of generation that may be
removed while respecting the minimum power limit is checked. If there is more
generation to be removed than is allowed for a given generator, the generation is set
to the lower power limit and the iteration continues. If all of the surplus generation
can be subtracted from a given generator while respecting power limits, the generation
is updated and the script ends with all generation allocated. The final condition is
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Figure 3.6: Flowchart for the dispatching of existing generating units in merit order,
respecting power output limits.
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if the total amount of generation remaining to be allocated lies between the power
limits of a given generator. In this case, the generation is set to this value and the
script finishes with all generation allocated.
These two scripts in combination allow for the automated creation of PSS/E®
transmission models of PV integration with specified location and capacity of PV
generation, and distribution of traditional generation. A third script was developed
to accomplish this as well as allowing for specification of the total amount of load
on the transmission network. The script begins by calculating the amount of load in
the existing model and creating a scaling factor using the desired load. The scaling
factor is applied to each load in the transmission network such that the total load is
equal to the desired load. The script continues by using the PV dispatching script
described previously to allocate a requested amount of PV generation in specified
locations within the model. Finally, the traditional generation allocation script is
called to cover system load that was not matched by the added PV generation. The
result is a transmission model of a known network whose generation and load are
completely specified.
The final script developed was used to determine an optimal configuration of battery energy storage facilities to minimize voltage violations and is described in Fig.3.7
The script begins by initializing the number of violations and previous violations to
arbitrarily large numbers to begin the loop. the program checks that the number of
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violations has decreased from the previous iteration. The model to be studied is open
and the number of voltage violations, previous violations, and the locations of violations are calculated. Each of the locations of voltage violations is tested by adding
battery energy storage at the bus. The resulting voltage violations and battery information is recorded and stored in a data structure representing this test loop. Once
all locations have been tested, the battery system which results in the fewest voltage
violations is selected and connected to the model. The recorded information on this
battery configuration is saved to the final program results. This model containing
an additional battery is then used as the base model for the next loop to add an
additional battery. This process continues until an additional battery does not result
in a decrease in the number of voltage violations.
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Figure 3.7: Flowchart of the process used for allocating PV generation with a specified
total generation
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Chapter 4
Case Study on a Modified IEEE
118-Bus Test System
This chapter discusses the simulation of the interconnection of utility-scale solar PV facilities to a representative transmission network using PSS/E. A queue of
PV plants was developed for interconnection to the IEEE 118-Bus test transmission
network whose output power was incremented to represent increasing levels of PV
penetration for impact analysis of large-scale PV systems, which may be applied to
real-world transmission systems.

4.1

Introduction

As the dominant source of electricity in the market shifts from fossil fuels to
renewable sources of energy, deployment of large-scale PV facilities will move forward
at a rapid pace. At the current level of approximately 3% of penetration of solar
electricity generation in the market [39], studies on the effect of solar installation
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on the electrical grid are chiefly focused on the distribution level. However, the
impact of these facilities are not limited to distribution systems. As more distributed
photovoltaic generation is incorporated into the distribution system, the effect will
propagate to transmission systems. In addition to this, many utilities are looking
to develop multi-megawatt scale photovoltaic facilities, which are to be incorporated
directly into the transmission network. Thus, studies of the impact of these large-scale
penetration levels of PV generation on transmission systems are of critical importance
to mitigate possible grid failures before they arise.

4.2

Test Case Specification

Realistic, publicly available models of power system networks are of great need
for studies of emerging technology. The IEEE 118-Bus test case was developed in
1962, representing a portion of the United States Eastern Interconnection owned by
American Electric Power (AEP). The data for the system was released by AEP for
use by the electric utility industry as a standard test case [40]. Since its release as a
standard transmission model, several version of the test case have been created with
various changes from the original, including increased generation capacity and altered
transmission line parameters [41]. The model used for this study was developed by
the Illinois Institute of technology in 2004 and was retrieved from the Illinois Center
for a Smarter Electric Grid at the University of Illinois. The model consists of 118
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Figure 4.1: Single-line diagram of the IEEE 118-Bus Test case [2].
buses containing 54 generating units and 99 loads. The test case specification contains
several buses which experience severe low voltages for the purpose of analysis. For
example, buses 40, 41 and 42 experience voltages as low as 0.836, 0.825, and 0.86 p.u.
respectively. This low voltage characteristic will be presented in more depth later in
this chapter.
In this study, the test system is modified to accommodate the addition of largescale PV generation through the addition of buses, transformers, and generators which
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Figure 4.2: Single-line diagram of the test case as produced using the Auto-Draw
function in PSS/E and employed in the studies in this chapter.
represent the equipment necessary for interconnection of the PV plants. The existing
generation output of real and reactive power is altered to match demand and support
the grid voltage.

4.3

PV Array Modeling

Three components are added to the PSS/E model to model the interconnection of
a PV array. The first component added to the network spreadsheet is the dedicated
PV bus. Two parameters for the bus must be specified: the rated voltage and the
bus code. The rated voltage for all PV buses was set to be 13.2 kV. The bus code for
PV buses was set to two, representing a generator bus, or P-V bus since both active
power and voltage are specified for these buses, in steady-state load flow analysis. For
added security in the ability of the solver to find a solution, the angle of the bus was
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Figure 4.3: PSS/E model for the PV array and its interconnection to the grid. Components added to the original model include the dedicated PV bus, the step-up transformer, and the machine representation of the PV array.
also initialized to be the same value as the angle of the bus of interconnection. By
default, PSS/E initializes the angle to zero. Large differences in angle between buses
represents a large flow of active power, which may lead to a large power mismatch
and the inability of the solver to determine a solution.
The next component is the machine representing the PV generation. Several
machine parameters must be specified for the PV generators. The main quantities
for load flow analysis are the scheduled voltage output of the generator and the
active power output. The scheduled voltage was set to 1 pu and the active power
output set to the rating of the PV array. The source impedance of the machine was
also specified. For the PV installations, the source resistance was set to 0 pu and
the source reactance set to 1 pu. The final parameter of the machine to set is the
wind machine value. The wind machine parameter in PSS/E is used for renewable
generation facilities as a way to control the reactive power output of these generators.
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The wind machine value for the PV plants in the study was set to 2, which limits the
reactive power output of the plants to a specified power factor, in this case 0.95.
The final component to be added is the transformer link to the point of interconnection. The resistance and reactance of the transformers were specified. For the PV
plants, the resistance was set to 0.001690 pu and the reactance to 0.070440 pu.

4.4

Penetration Study

A queue of PV arrays, denoted PVIcQ (PV interconnection queue), was developed
to represent a list of proposed PV interconnections to the transmission network which
would result in an increase in the percent PV penetration of the network. Eighteen
individual PV facilities were placed in the queue, and the location as well as capacity
of each were selected randomly. The location of each facility was selected without
replacement from the 118 available buses using a uniform distribution in order to
distribute the capacity evenly across the system. The capacity of each facility was
selected using a normal distribution with mean of fifty-five megawatts and standard
deviation of nineteen megawatts and rounded to a multiple of five megawatts.
The developed Python code was used to create three models of the 118-Bus transmission network with increasing levels of PV penetration. The total system load in
the test case was 4,242 MW. Values of PV penetration were selected to be 0, 10,
and 20% of the system load. By multiplying the penetration by the system load, the
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Position in
Queue
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Bus of
Interconnection
23
58
110
1
97
81
115
30
112
45
37
108
86
28
88
16
47
102

Capacity
(MW)
33
67
67
43
56
51
49
48
56
47
74
72
45
52
70
32
11
40

Ic Voltage
(p.u.)
0.988
0.958
0.948
0.917
1.006
0.994
0.928
0.944
0.922
0.971
0.920
0.950
0.983
0.919
0.983
0.942
1.013
0.968

Table 4.1: PVIcQ facilities listing the selected bus for interconnection and the rated
facility capacity. Interconnection buses were selected randomly without replacement
from a uniform distribution. Facility ratings were selected randomly from a normal
distribution with a mean of 55 MW and a standard deviation of 19 MW.
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Position in
Queue
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Bus
P Max P Min
Number (MW) (MW )
10
450
150
80
480
150
103
50
5
89
650
200
111
50
5
100
270
110
65
400
120
66
400
120
49
225
100
87
12
3
69
550
340
25
225
100
26
325
125
59
160
87
54
70
10
12
90
12
61
175
90

Table 4.2: Queue of Merit Order Generation
total amount of necessary PV generation could be calculated and dispatched using
the Python program. As the amount of PV generation increases, the corresponding
amount of traditional generation must decrease to exactly meet electricity demand.
Without reallocation of traditional generation, all of the surplus generation of the
system would be removed from the single slack bus, rather than dispatched evenly or
economically across the system. As PV is added to the model, the existing traditional
generation is reallocated according to a merit order, which acts as a priority queue
for generation output.
After the models were created, PSS/E was used to solve the power flow using the
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Penetration
(%)
0
10
20

Load PV Gen.
(MW)
(MW)
4,242
0
4,242
424.2
4,242
848.4

Trad. Gen.
# of
(MW)
Generators
4,426.384
17
4,020.328
13
3,576.343
12

Table 4.3: System load and generation characteristics for each of the developed models
Fast-Decoupled Newton Raphson method. The solver calculates the voltage at each
bus in the network, and from this information, any quantities of interest associated
with the power flow may be automatically calculated and returned by PSS/E. The bus
voltages, transmission line and transformer power flows, and the generator outputs
were all recorded to assess the impact. The trends in these recorded values were
analyzed. Typical values of voltage limits from NERC TPL standards are 0.95 and
1.05 per-unit [42]. Limits for transmission line power flow are specific to each line
based on heating and ampacity values. The limits for lines in the 118 bus system
were not specified.

4.5

Model Validation

After the Python scripts were used to create each of the models of penetration, the
files where opened in PSS/E to check that all components were connected correctly
and that the models matched the desired generation characteristics. The network
spreadsheet in the user interface was used to check each of the added components.
Firstly the machines were checked to ensure each of the PV machines were added
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with the correct parameters. The transformers were then checked to ensure the PV
facilities were correctly interconnected to the network. Lastly, the PV buses were
checked to ensure the correct type code was used. The generation characteristics of
the model were checked by recording the real power output of the PV and traditional
generators in the solved model. The recorded outputs for the PV real power output
are shown in Figs. 4.4, 4.5, and 4.6. The total generation was calculated to ensure
the penetration level matched the requested value for each model. the traditional
generation was also checked to ensure the correct execution of the dispatch code
as well as that the total generation roughly matched load. The total generation is
slightly higher than the total load as transmission line losses must be accounted for
in generation.

4.6

Results

All of the facilities in the PVIcQ were connected to the IEEE 118-Bus test case
and their power outputs were scaled to represent 0, 10, and 20% penetration of the
load. The base case of no PV generator output was used as a point of comparison
between the measurements for each of the levels of penetration.
The distance between each bus in the network and its nearest point of generation
was recorded at each penetration level to monitor how the changes to the distribution
of generation reflect on the network. Fig.4.4 shows the distance for each bus to
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Position in
Queue
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Bus of
Interconnection
23
58
110
1
97
81
115
30
112
45
37
108
86
28
88
16
47
102

Capacity
(MW)
35
70
70
45
55
50
50
45
55
45
75
70
45
55
70
30
15
40
TOTAL

PGen
(MW)
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Table 4.4: PVIcQ facility generation in the 0% penetration case.
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Position in
Queue
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Bus of
Interconnection
23
58
110
1
97
81
115
30
112
45
37
108
86
28
88
16
47
102

Capacity
(MW)
35
70
70
45
55
50
50
45
55
45
75
70
45
55
70
30
15
40
TOTAL

PGen
(MW)
16.14
32.28
32.28
20.75
25.36
23.05
23.05
20.75
25.36
20.75
34.58
32.28
20.75
25.36
32.28
13.83
6.92
18.44
424.20

Table 4.5: PVIcQ facility generation in the 10% penetration case.
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Position in
Queue
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Bus of
Interconnection
23
58
110
1
97
81
115
30
112
45
37
108
86
28
88
16
47
102

Capacity
(MW)
35
70
70
45
55
50
50
45
55
45
75
70
45
55
70
30
15
40
TOTAL

PGen
(MW)
32.28
64.55
64.55
41.50
50.72
46.11
46.11
41.50
50.72
41.50
69.16
64.55
41.50
50.72
64.55
27.67
13.83
36.89
848.40

Table 4.6: PVIcQ facility generation in the 20% penetration case.
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Figure 4.4: Distance between each bus in the modified test system from the nearest
point of generation in the base case containing no PV generation.
generation before the addition of any PV facility. As the level of PV penetration
increases, this distance from generation changes to include the active PV facilities
and exclude the removed traditional generation. With increasing penetration levels,
there is a large initial change in these distances as the PV facilities are set to produce
active power and as the penetration continues to increase, the distances will change
as traditional generation is removed to accommodate the increasing PV generation.
Fig.4.5 shows the both distances at 10% penetration and the change in distance from
the base case of no PV and demonstrates the large initial change in the distances.
Fig.4.6 shows the both distances at 20% penetration and the change in distance
from the base case of no PV and demonstrates the the smaller changes due to the
incremental removal of traditional generation with increasing PV.
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(a)

(b)

Figure 4.5: (a) Distance between each bus and the nearest point of generation and
(b) change in the distance when compared to the base case of no PV for the case of
10% penetration

(a)

(b)

Figure 4.6: (a) Distance between each bus and the nearest point of generation and
(b) change in the distance when compared to the base case of no PV for the case of
20% penetration

57

Figure 4.7: Power flow through each transmission line and transformer in the modified
test system in the base case containing no PV generation.
Penetration
(%)
0
10
20

Avg. Distance
(Buses)
1.458
1.551
1.568

Avg. Power Flow
(MVA)
55.384
61.466
59.449

Table 4.7: Average distances between a bus and the nearest point of generation
compared to the average MVA flow in transmission lines and transformers.
The power flow in each ot the transmission lines and transformers was recorded
at each level. Fig.4.7 shows the power flow in MVA through each transmission line
and transformer in the network before the addition of any PV facility. Fig.4.5 shows
both the power flow at 10% penetration and the change in power flow from the base
case. Fig.4.6 shows both the power flow at 20% penetration and the change in power
flow from the base case of no PV.
The voltage at each bus was recorded at each penetration level. Fig.4.10 shows the
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(a)

(b)

Figure 4.8: (a) Power flow through each transmission line and transformer and (b)
change in the power flow when compared to the base case of no PV for the case of
10% penetration

(a)

(b)

Figure 4.9: (a) Power flow through each transmission line and transformer and (b)
change in the power flow when compared to the base case of no PV for the case of
20% penetration
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Figure 4.10: Voltage at each bus in the modified test system in the original base case
without PV generation. Note the low voltages purposefully included in the test case
specification.
voltage in per-unit at each bus in the network before the addition of any PV facility.
Fig.4.11 shows both the voltage at 10% penetration and the change in voltage from
the base case. Fig.4.12 shows both the voltage at 20% penetration and the change in
voltage from the base case of no PV. Color is used to represent the absolute value of
the voltage difference from one per-unit, providing a visual indication of the severity
of any voltage violation. The results show that the addition of PV facilities causes the
low voltage incidents present in the base case to be reduced slightly and also moved
to a different location in the system.
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(a)

(b)

Figure 4.11: (a) Voltage at each bus and (b) change in the voltage when compared
to the base case of no PV for the case of 10% penetration

(a)

(b)

Figure 4.12: (a) Voltage at each bus and (b) change in the voltage when compared
to the base case of no PV for the case of 20% penetration
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4.7

Summary

This chapter demonstrates the power flow analysis of a queue of utility-scale solar PV facilities at varying penetration levels on the representative IEEE 118 Bus
test system using PSS/E. The additional generation from PV facilities shifts the distribution of generation across the system, changing the distances of load centers to
points of generation. As generation is distributed closer to load centers, the required
power flow through transmission lines decreases. This results in reduced line loading
and power flow losses. The additional PV generation also serves to support the grid
voltage, bringing the average voltage level closer to unity with increasing penetration.
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Chapter 5
Performance Improvements using
Battery Energy Storage (BES)
This chapter discusses the optimization of the location of battery energy storage facilities for voltage support on a representative transmission network containing
large-scale PV installations using PSS/E. A battery was connected at points in the
system experiencing severe voltage deviations and the effect on the system voltages
was measured to select the optimal location for the battery. This was process was iterated to find an optimal combination of installed batteries which effectively reduced
the voltage deviation of the system.

5.1

Introduction

Large-scale integration of solar energy resources to the transmission grid poses
several challenges of interest. The day-night cycle and weather conditions mean that
PV generation is intermittent, and procedures must be put in place to match electric
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demand during times of rapid generation change. This is an issue for traditional
synchronous generation, whose ramp up rate is typically much longer than the length
of periods of sudden shading. Related to load mismatch is inertia, which is the ability
of synchronous machines to match demand under conditions of surplus or shortage
of generation by drawing energy from the rotation of the machine. This allows for
estimation of the necessary input power through frequency monitoring, and also some
leniency in the acceptable amount and duration of power mismatch. Without energy
storage in a rotational system, photovoltaic sources of energy have no inertia[31].
High levels of PV penetration would result in less leniency in power mismatch. In
a system consisting of only PV, the input solar power must be equal to the demand
at every instance to avoid grid failure. Finally, the range of power factors used by
traditional generation allow for reactive power to be absorbed and injected as needed.
This provides support to the by maintaining adequate voltage levels. The total solar
generation integrated into the grid must then be able to supply enough reactive power
to support grid voltage as it replaces traditional forms of generation.
Battery energy storage provides a way to offset the challenges associated with PV
deployment. During periods of generation intermittency, the battery would be able
to discharge when there is a shortage of power and charge when there is a surplus,
lowering the total power mismatch due to rapid changes in the generation profile. BES
systems can switch on rapidly. The ability of the battery systems to be dispatched
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quickly and the support they provide to the power mismatch allow them to mitigate
the decrease in system inertia. Finally, battery systems provide an additional point of
generation where reactive power can be supplied or absorbed, allowing for the support
of grid voltage.

5.2

Addition of BES System

Three components are added to the PSS/E model to model the interconnection
of the battery systems. The first component added to the network spreadsheet is
the dedicated battery bus. Two parameters for the bus must be specified: the rated
voltage and the bus code. The rated voltage for all interconnected battery buses
was set to be 13.2 kV. The bus code for these buses was set to two, representing a
generator bus, or P-V bus since both active power and voltage are specified for these
buses, in steady-state load flow analysis. For added security in the ability of the
solver to find a solution, the angle of the bus was also initialized to be the same value
as the angle of the bus of interconnection. By default, PSS/E initializes the angle
to zero. Large differences in angle between buses represents a large flow of active
power, which may lead to a large power mismatch and the inability of the solver to
determine a solution.
The next component is the machine representing the electricity generation of the
battery. Several machine parameters must be specified for the PV generators. The
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main quantities for load flow analysis are the scheduled voltage output of the generator
and the active power output. The scheduled voltage was set to 1 pu and the active
power output set to the rating of the battery. The source impedance of the machine
was also specified. For the PV installations, the source resistance was set to 0 pu and
the source reactance set to a large value of 9999 pu.
The final component to be added is the transformer link to the point of interconnection. The resistance and reactance of the transformers were specified. For
the battery transformers, the resistance was set to 0.001690 pu and the reactance to
0.070440 pu.

5.3

Battery Location Study

The transmission models of PV penetration developed for study were used to
investigate the most suitable location for battery placement in transmission networks
with large-scale PV generation facilities. A multi-step, systematic parametric study
was performed with a view at optimally minimizing the number of voltage deviation
events.
For each of the PV penetration models developed previously, the buses experiencing severe voltage deviations were recorded to test as locations for battery placement.
A severe voltage deviation was defined as a voltage value lower than 0.95 per-unit
or greater than 1.05 per-unit. Each bus experiencing a violation was connected to a
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machine representing a battery energy storage system. The output real power of the
battery was set to zero and the scheduled voltage was set to 1 per-unit at the bus of
interconnection so that the reactive power output of the machine would be calculated
to best stabilize the voltage at the bus. PSS/E was then used to solve the power flow
of the system and the resultant voltages of the buses in the system were recorded to
evaluate the performance of the battery at the current location. The most suitable
bus was selected as the bus which reduced the number of voltage violations the most.

argmin(count(V < 0.95||V > 1.05))

(5.1)

This process was repeated for each of the buses and the location was selected to
be the bus that reduced the number of voltage deviations the most. This model was
then saved and the process was repeated on this model to add a second condenser
which would best stabilize the voltages. This process represents a greedy approach,
which selects the value that produces the best results at the given iteration.

5.4

Results

The iteration process was completed for the three models of 0, 10, and 20% PV
penetration. The optimal location at each iteration was recorded as well as the reactive power output calculated during the iteration and after all batteries had been
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Battery
Number
0
1
2
3
4
5
6
7
8
9

Bus
Q Gen. Iter.
Number
(MVAR)
NA
NA
19
60.53
40
69.82
305
25.30
76
49.44
107
27.36
42
44.05
90
54.75
53
34.31
112
38.46

Q Gen. End
(MVAR)
NA
38.72
45.56
24.59
49.29
24.23
44.04
54.76
34.32
38.47

Violations
57
36
19
11
8
6
4
2
1
0

Change in
Violations
-21
-17
-8
-3
-2
-2
-2
-1
-1
NA

Table 5.1: Summary of battery location iteration results for the case of 0% PV
penetration.
placed. The number of violations in during the iteration was recorded to demonstrate the progression of the algorithm. The difference between the violations in two
iterations was recorded to represent the marginal benefit of the additional battery.
The base case with no PV generation is demonstrated first in both tabular and
graphical form. The summary of the results for this case is shown in Table5.1. The
system has 57 buses experiencing severe voltage deviations. The iterative process
connects nine batteries across the system to bring the number of violations to zero.
The reactive power output after all batteries were added results in either significant
decreases in power output or little change. This suggests that additional batteries
provide a secondary benefit of reduction of the reactive power requirement of other
batteries across the system.
The resulting curve of the number of violations versus the number of batteries
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(a)

(b)

Figure 5.1: (a) The relationship between the number of batteries and the number of
voltage violations and (b) its forward difference for the case of 0% PV penetration.
shown in Fig. 5.1a is approximately a decaying exponential. Thus, we would expect
the approximate slope calculated as the difference between adjacent iterations to
take the form of an approximately decaying exponential, which is what is seen in
Fig.5.1b. This mean that the marginal benefit of an additional battery decreases as
more batteries are added.
The summary table of the case of 10% penetration in Table 5.2 shows a decrease
in the initial number of violations with 45 violations. This suggests that the addition
of PV generation to the system proves beneficial to the voltage stability. Twelve
total batteries were required to bring the number of violations to zero. As in the
0% penetration case, the reactive power output of each battery after all batteries are
connected is significantly lower than than the output during the iteration, meaning
additional batteries reduce the required output from other batteries.
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Battery
Number
0
1
2
3
4
5
6
7
8
9
10
11
12

Bus
Q Gen. Iter.
Number
(MVAR)
NA
NA
41
51.294
12
68.069
1
46.782
52
58.811
55
87.083
56
62.850
107
27.360
76
47.837
90
53.824
63
60.893
42
32.684
112
38.461

Q Gen. End
(MVAR)
NA
29.197
45.247
46.149
46.149
46.149
56.907
24.232
47.722
53.830
60.909
32.689
38.461

Violations
45
35
27
22
18
14
10
8
6
4
2
1
0

Change in
Violations
-10
-8
-5
-4
-4
-4
-2
-2
-2
-2
-1
-1
NA

Table 5.2: Summary of battery location iteration results for the case of 10% PV
penetration.
Similar to the case of 0% penetration, the resulting curve of the number of violations versus the number of batteries shown in Fig.5.2a is approximately a decaying
exponential. In this case, however, the curve has a slightly closer to linear behavior
than the previous case. This results in the graph of Fig.5.2b, which has periods of
near constant slope, or marginal benefit. This means that the marginal benefit of an
additional battery decreases as more batteries are added, however, there are periods
where the benefit is not affected by the addition of a battery.
The summary table of the case of 20% penetration in Table5.2 continues the
trends demonstrated in the first two cases. The initial number of violations decreased
to 36 violations from the 45 in the previous case, suggesting, again, that the addition
of PV generation benefits voltage stability. Twelve total batteries were required to
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(a)

(b)

Figure 5.2: (a) The relationship between the number of batteries and the number of
voltage violations and (b) its forward difference for the case of 10% PV penetration.
bring the number of violations to zero. This number was not did not change from
the previous case. As in the both previous cases, the reactive power output of each
battery after all batteries are connected is significantly lower than than the output
during the iteration, meaning additional batteries reduce the required output from
other batteries.
In this case, the trend of approaching a linear relationship between the number
of violations and number of batteries continues as shown in Fig.5.3a. The graph has
a slight drop initially followed by an approximately linear plot. This results in the
graph of Fig.5.3b, which has a nearly constant slope, or marginal benefit outside of the
initial drop. This means that the marginal benefit of an additional battery decreases
as more batteries are added, however, in this case, the benefit is nearly independent
of the number of batteries connected.
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Battery
Number
0
1
2
3
4
5
6
7
8
9
10
11
12

Bus
Q Gen. Iter.
Number
(MVAR)
NA
NA
1
57.605
58
68.410
117
25.364
41
40.003
53
53.242
107
27.360
118
41.612
90
52.880
59
64.889
55
61.581
112
38.461
63
52.067

Q Gen. End
(MVAR)
NA
48.773
29.590
25.047
39.873
33.504
24.232
41.516
52.886
41.336
57.869
38.467
52.067

Violations
36
26
22
19
16
13
11
9
7
5
2
1
0

Change in
Violations
-10
-4
-3
-3
-3
-2
-2
-2
-2
-3
-1
-1
NA

Table 5.3: Summary of battery location iteration results for the case of 20% PV
penetration.

(a)

(b)

Figure 5.3: (a) The relationship between the number of batteries and the number of
voltage violations and (b) its forward difference for the case of 20% PV penetration.
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5.5

Summary

This chapter demonstrates the implementation and results of the use of a greedy,
iterative approach in determining the optimal location of battery energy storage systems for grid voltage support. The algorithm selects the single location that most
reduces bus voltage violations system wide and repeats this process until the number
of violations is minimized.This process was performed on three transmission models
representative of various levels of PV penetration to determine trends in relationships
between the number of batteries, the number of voltage violations, and the level of
PV penetration. In all cases, several trends of interest were seen and are summarized
in Fig.5.4.
1. The addition of one battery system reduces the marginal benefit of another
battery.
2. Increasing PV penetration results in a decrease in the number of voltage violations across the system, stabilizing voltage levels.
3. Increasing PV penetration results in the relationship between the number of
batteries and the number of violations shifting from a decaying exponential to a
negative linear relationship; In higher levels of penetration, the marginal benefit
is nearly constant.
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(a)

(b)

Figure 5.4: Summary of battery location study results(a) Number of violations (b)
Decrease in violations.
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4. Additional batteries provide an additional benefit of reducing the required reactive power injection of previously integrated batteries.
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Chapter 6
Conclusions and Future Work
6.1

Conclusion

This thesis presents studies investigating the grid addition of utility-scale solar PV
installations and battery energy storage systems. The IEEE 118-Bus test case was
simulated using PSS/E to assess the impact of PV penetration and battery location
on a generic transmission system for generalization to real transmission networks.
Chapter one introduced the background and problem formulation for the research
performed as well as recent work related to the area of study. Chapter two presents
the theory and mathematical algorithms and representations that are used to model
power system components.
Chapter three describes the algorithms used to simulate power flow and relates
the theoretical formulas to the software and automation used to complete the studies.
Several scripting tools were developed using Python for the automation of the creation of transmission models of varying PV penetration, the optimization of battery
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location for voltage support, and the collection, organization, and visualization of
data gathered from the power flow solution.
Chapter four presents the simulation of utility-scale solar PV interconnection to
a representative transmission network. The PVIcQ was developed and connected to
the test network. The output power of the solar facilities was increased to assess the
impact of PV penetration level, which may be applied to real transmission systems.
The additional PV facilities was found to alter the distribution of generation, resulting in variation in the distances between generators and load centers. Increases in
the distance between generation and load was found to increased line loading. Incorporation of additional PV generation also resulted in decreases in voltage deviations
from unity.
Chapter five demonstrates the deployment of an optimization algorithm to determine the location of battery energy storage facilities for voltage support on the
transmission models developed in chapter four. An iterative process was developed
and employed to connect the single battery which produces the highest benefit at
that step and steps until the voltage violations were minimized. This process was
performed models of varying PV penetration to examine the relationships between
the number of batteries, the number of voltage violations, and the level of PV penetration. Several trends were realized over the three models tested. Connecting a
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battery to the network decreases the marginal benefit of the addition of the next battery. Increases in PV generation level resulted in decreases in the number of voltage
violations. Increasing the PV generation resulted in linearization of the relationship
between the number of batteries and voltage violations. This means higher PV penetration levels will have a near constant marginal benefit for additional batteries. The
addition of batteries decreases the required reactive power generation from previously
connected batteries.

6.2

Original Contributions

A summary of the original contributions developed in this work can be enumerated
in the following:
1. The development of a systematic, automated procedure for the integration of
PV and BESS installations into th electric power transmission network. The
procedures streamline the process of creating network models of PV integration, optimizing the integration of BESS, and simulating and gathering results
from PSS/E. Python software was developed alongside these procedures for
automation of generation deployment and model creation (Chapter 3)
2. Grid Analysis of impact for different PV penetration levels. The analysis quantified the important relationship between the distributed nature of additional
utility-scale generation and power flow in the system (Chapter 4).
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3. The development of an optimization method for BESS location and rating to
provide voltage support. The algorithm searches a realistic subsection of the
location space and provides a locally optimal solution for voltage support (Chapter 5).

6.3

Future Work

The importance of the simulation of transmission level solar PV impact was discussed. Much of the recent work in PV impact analysis focuses on distribution analysis
of residential PV installations. As the adoption rate of residential PV and the interest
in multi-megawatt scale PV facilities increase, the need for studies of impact at the
transmission level grows. Future work could include investigations of the effect of PV
on both levels. Cosimulation of transmission and distribution systems could analyze
the local and regional effect of large scale residential PV that may propagate to the
transmission level. Studies could also investigate the combined effect of residential
PV and utility-scale systems.
The steady-state impact of large-scale PV facilities was demonstrated. Steadystate analysis allows the complex models of the power electronics necessary for PV
operation to be simplified into a model representing the ateady-state operation. Future studies can investigate the dynamic and transient behavior of such PV systems
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and its effect on transmission system operation. Conditions such as sudden complete or partial shading an be analyzed for both dynamic stability such as rotor angle
stability and transient stability.
Optimization of battery location for grid voltage support was developed and presented. Future work can examine location optimization using an expanded objective
function which takes into account cost, voltage, power flow, or other factors. Other
methods of optimization such as differential evolution may be explored and their results compared. In addition to battery location, battery sizing optimization may be
explored.
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